TGFβ signaling has been implicated in the metaplasia from squamous epithelia to Barrett's esophagus and, ultimately, esophageal adenocarcinoma. The role of the family member Activin A in Barrett's tumorigenesis is less well established. In conclusion, we show a role for autocrine Activin signaling in the regulation of colony formation, cell migration and invasion in Barrett's tumorigenesis.
INTRODUCTION
Esophageal adenocarcinoma (EAC) is often thought to arise from a clonal stem-like population of cells, which is potentially responsible for its poor prognosis. Transforming growth factor β (TGFβ) and Notch signaling pathways play important roles in regulating self-renewal of stem cells and cell-fate determination. Both pathways are frequently implicated in Barrett's tumorigenesis [1] . It has been shown that loss of members of the TGFβ signaling cascade, such as Smad4 and β2 spectrin, can contribute to the initiation of Barrett's esophagus and the progression to esophageal adenocarcinoma through concomitant upregulation of Notch targets Hes1 and Jagged1 [2] . Similarly, analysis of a panel of esophageal adenocarcinoma cell lines demonstrated failed cell cycle arrest after TGFβ stimulation, as they did not respond with the expected down-regulation of c-Myc or the induction p21 [3] . The disruption of TGFβ/Smaddependent signaling during the progression of esophageal adenocarcinoma was confirmed by a report that showed Smad4 mRNA expression was progressively reduced in the metaplasia-dysplasia-adenocarcinoma sequence by promoter methylation [4] . In the same study, the authors demonstrated the loss of TGFβ-dependent induction of p21 and downregulation of mini-chromosome maintenance protein 2 in the majority of Barrett's tumorigenesis [4] . Interestingly, in a series of resected adenocarcinomas of the distal esophagus, TGFB1 mRNA was expressed at significantly higher levels in tumor tissues compared to squamous epithelium and Barrett's mucosa. Additionally, univariant survival analysis has shown that TGFB1 overexpression was associated with poor prognosis [5] .
It is generally assumed that in esophageal metaplasia, the normal squamous esophageal epithelium undergoes transdifferentiation to resemble the columnar epithelium of the gastric tract and the intestine. BMP4, a member of the TGFβ family, has been shown to regulate the processes involved in this metaplastic transformation [6, 7] . The effects of BMP4 are tightly regulated by its natural antagonist, Noggin, which prevents the BMPregulated development of the columnar epithelium in the esophagus during embryogenesis [8, 9] . BMPs, as well as another morphogen, sonic hedgehog, are typically not expressed in the normal adult esophagus [10] , BMP4, however, has been shown to be re-expressed in esophagitis and Barrett's esophagus [6, 11] . Interestingly, sonic hedgehog can induce BMP4 secretion in stromal cells with myofibroblast morphology in response to acid injury [12] .
Hedgehog signaling and epithelial-mesenchymal transition (EMT) have been implied in the morphogenesis of embryonic and adult tissues. When Hedgehog signaling is blocked, esophageal keratinocyte differentiation and squamous esophageal cancer cell invasion and growth are inhibited [13] . These findings suggest that the "mesenchymal gene expression" of undifferentiated cells is maintained or strengthened in cancer cells by Hedgehog-mediated signaling [13] . The analysis of other markers of EMT in gastroesophageal junction tumors has shown that the E-cadherin repressors Slug [14] , Snail, and Twist [15] are associated with the malignant progression of esophageal adenocarcinomas. TGFβ is known to induce EMT through downregulation of E-cadherin and upregulation of mesenchymal markers [16] .
A less studied member of the TGFβ family, the ligand Activin A, has been shown to be upregulated in the progression from Barrett's esophagus to dysplasia and ultimately esophageal adenocarcinoma [17] . When Activin signaling was inhibited with siRNA targeting the Activin A gene, INHBA, or with the Activin antagonist, Follistatin, esophageal adenocarcinoma cell lines demonstrated suppressed proliferation [17] . In a previous study analyzing Activin A function in esophageal squamous cell carcinoma, we showed that the effects of Activin A are largely context-and dose-dependent [18] . Herein, we describe the role of Activin A in Barrett's esophagus and esophageal adenocarcinoma cells, especially with respect to cell invasion and the crosstalk within the microenvironment.
RESULTS

The Inhibin β A subunit of Activin A is increased in the progression to EAC
TGFβ and Activin A have both been implicated in the pathology of esophageal adenocarcinoma [2] [3] [4] 17] . While TGFβ function is context-dependent, little is known about the role of Activin A in Barrett's tumorigenesis. We first queried publicly available dataset to investigate the expression of Activin A (a homodimer of Inhibin β A subunits), TGFβ, and components of their signaling cascade during the progression from normal esophagus to esophageal adenocarcinoma. Analysis of 24 samples of normal squamous esophagus, Barrett's esophagus, and adenocarcinoma (n = 8 per group) for Activin A expression, encoded by the INHBA gene, showed a trending increase of expression during the progression to EAC (GDS1321, Figure 1 ). Interestingly, although previously shown to be involved in the subsequent metaplastic events, TGFB1 expression remained unchanged ( Figure 1) . Expression of Inhibin A (INHA), an Activin A inhibitor formed through Inhibin β A and Inhibin α subunit heterodimers and the antagonist Follitstatin, were also unchanged (Supplemental Figure S1 ). Analysis of other downstream targets of the signaling pathway showed that Smad2 and Smad3, as well as the common effector Smad4, were downregulated in the dataset used (Supplemental Figure S1 ). While these observations do not exclude TGFβ1 ligand function as an important factor in the biology of esophageal adenocarcinoma, they emphasize the significance of the components of these overlapping pathways, and led us to more closely investigate the role of Activin A signaling.
Overexpression of Activin A (INHBA) in esophageal model cell lines results in cell type specific alterations of canonical and noncanonical pathways
Gene expression data from human tissue samples rarely allow insight into the cellular source of the RNA. As tumor samples are often comprised of epithelial tumor cells and stroma, the analyzed RNA is derived from both sources. To model epithelial Activin A overexpression, we chose the dysplastic cell line CPB and the EAC cell lines OE33 and FLO-1 and transduced them with an INHBA retroviral plasmid (two subunits of Inhibin β A encoded by the INHBA gene result in the Activin A protein). INHBA overexpression was validated by ELISA in CPB, OE33 and FLO-1 cells. All three INHBA-overexpressing cell lines secreted significantly higher levels of Activin A compared to control (Figure 2A) . Interestingly, when normalized to the number of cells at the end of the collection period (48 hours), Activin A concentration was higher in OE33 INHBA cells than CPB INHBA cells, while FLO-1 INHBA cells secreted the highest levels of Activin A overall. To identify if INHBA overexpression affected TGFβ1 secretion levels, we performed ELISA to measure TGFβ1 in the conditioned media. Levels of secreted TGFβ1 significantly increased in the INHBAoverexpressing cells compared to control ( Figure 2B ). As the function and availability of Activin A can be regulated by secreted factors, such as the antagonists Follistatin and Inhibin A, we also measured the concentrations of Follistatin (pan-antibody recognizing all three Follistatin isoforms FS288, FS300 and FS315) and Inhibin A in the collected conditioned media by ELISA. The levels of these factors were below the limit of assay sensitivity when compared to the positive controls (data not shown).
To identify which downstream signaling targets were activated in response to INHBA overexpression, we collected protein lysates of untreated cells, as well as cells treated with recombinant TGFβ1 as a positive control and Follistatin-288. Smad2, a downstream target of Activin A and TGFβ phosphorylated upon signal transduction, was not activated in any of the INHBAoverexpressing cell lines, leading us to conclude that continuous exposure to Activin A desensitizes the cells to signal induction ( Figure 2C ). Stimulation with TGFβ1 as a control, however, elicited phosphorylation of Smad2 within 30 minutes. TGFβ1 stimulation resulted in phosphorylation of Smad2 in OE33 and FLO-1 cells.
We also analyzed phosphorylation of Smad1,5,8, which is typically induced by BMP2 and BMP4. Interestingly, OE33 cells, which express more epithelial markers and less mesenchymal markers than CPB and FLO-1 cells ( Figure 2D ), had high baseline phosphorylation of Smad1, 5, 8 (pSmad1, 5, 8) OE33 cells, the standard form is (arrowhead to upper band, [19, 20] ). MT1-MMP, a membrane anchored matrix metalloprotease, was also increased in response to TGFβ1 in FLO-1 cells and upregulated in INHBA-expressing FLO-1 cells. CD44 is expressed at similar levels in the FLO-1 empty vector and INHBA cell lines. INHBA overexpression resulted in higher levels of vimentin in FLO-1 cells compared to empty vector control ( Figure 2D ). E-cadherin expression levels were largely unchanged in OE33 cells.
To identify if changes in the receptor complex components occur in these cells lines, we analyzed the expression of TGFBR2, ACVR1B, ACVR2, ACVR2B and the common downstream target Smad4. Aside from low levels of Smad4 in OE33 and low TGFBR2 in FLO-1 cells, all components were present in the analyzed cells (Supplemental Figure S2A ).
In conclusion, we assessed the contributions of Smaddependent canonical and non-canonical signaling targets, and showed phosphorylation of Smad2 only in response to To analyze growth rates in response to INHBA overexpression, we performed WST-1 viability assays over 96 hours and showed that overexpression of INHBA increased proliferation compared to control empty vector cells in all three cell lines (Supplemental Figure S2B-S2D ). Addition of Follistatin-288 during the incubation period decreased growth by 96 hours. Interestingly, an Activin A neutralizing antibody could not inhibit growth, indicating that the functional effects of Follistatin could be mediated by other targets. Folllistatin has been shown to bind with low affinity to several other members of the TGFβ superfamily, including growth and differentiation factor-9 (GDF9), myostatin (GDF8), and several of the bone morphogenetic proteins (BMPs) [21, 22] . Although Follistatin does not bind to TGFβ1 or 2, binding to TGFβ3 has been reported [23] .
Using colony formation assays to examine the cell survival and self-renewal capacities of INHBA-expressing cells, we detected reduced colony formation in CPB cells; however, no effect on OE33 and FLO-1 cells was observed ( Figure 3A ). The response of CPB cells to INHBA overexpression indicated that premalignant cells or cells at an early stage of EAC progression reduce their capability for cell survival or self-renewal while cancer cell lines evade a Activin A-mediated response.
To investigate the migratory and invasive potential of these cells, we employed two approaches: one that would account for gradient-independent migration, the scratch assay, and the other the chemotaxis-dependent Boyden chamber assays ( Figures 3B-3D ). Of the tested cell lines, OE33 cells had the greatest migratory potential in scratch assays, yet no differences between INHBA-expressing and control cells were observed ( Figure 3B ). However, cell migration in scratch assays was increased in INHBA-expressing FLO-1 cells ( Figure 3B ). Migration in Boyden chamber assays with full media as a chemoattractant showed no changes in migration for CPB and FLO-1 INHBA and control cells. INHBA overexpression reduced Boyden chamber migration of OE33 cells ( Figure 3C ). Invasion assays, in which cells have to digest a Matrigel matrix in a MMP-dependent process, demonstrated significantly higher invasion in INHBA-expressing CPB and FLO-1 cells, but not OE33 cells ( Figure 3D ). As we have shown higher levels of CD44 and MT1-MMP in CPB and FLO-1 cells, the increased cell invasion could be dependent on the expression of these mesenchymal markers and the greater capability for digesting the matrix. Follistatin-288 and Activin A neutralizing antibody were used as additional controls in this assay to demonstrate the specificity of the function of Activin A in cell invasion (Supplemental Figure S3 ). The antagonist Follistatin reduced cell invasion in control and INHBA-overexpressing cells, but the Activin A neutralizing antibody had an even greater effect (Supplemental Figure S3 ). This observation is interesting in light of the greater efficacy of Follistatin in reducing cell growth compared to the neutralizing antibody ( Figure 2B-2D ). We postulate that the corroboration of different pathways controls the diverse functions of proliferation and invasion.
Stimulation with exogenous Activin A results in downstream activation of canonical and noncanonical pathway components
To explore the differences between paracrine and autocrine signaling effects, we next added recombinant Activin A to the culture media. In this set of experiments, we aimed to investigate if the model cell lines exhibit differential responses when stimulated with recombinant Activin A, a model of non-epithelial-derived Activin A. Using ELISA, we measured Activin A and TGFβ concentrations in conditioned culture media collected from untreated cells, cells treated with recombinant Activin A, or cells treated with the TGFβ receptor inhibitor A83-01 ( Figure 4A, 4B) . Activin A levels were found to be higher in Activin A-stimulated CPB cells than in OE33 and FLO-1 cells ( Figure 4A ). As the concentration of Activin A, when normalized to the amount of cells at the end of the 48-hour incubation period concentration, was much lower than expected in the OE33 and FLO-1 cells, we speculate that the availability is lower either due to decreased stability or increased uptake by the cells. The TGFβ1 concentration in the conditioned media was increased upon exogenous Activin A stimulation in CPB and OE33 cells, but not FLO-1 cells ( Figure 4B ). The addition of A83-01 had no effect on TGFβ1 secretion in in all three cell lines.
Western Blot analysis showed no phosphorylation of Smad2 in any of the three cell lines tested when untreated ( Figure 4C) . Stimulation with Activin A induced phosphorylation of Smad2 in CPB and FLO-1 cells, but not in OE33 cells. TGFβ1, which was used as a positive control for the induction of Smad2 phosphorylation, resulted in robust Smad2 activation across all tested cell lines. pSmad1,5,8 was detected at high levels in OE33 cells independent of Activin A stimulation or inhibition. CPB and FLO-1 cells showed increased pSmad1,5,8 only upon TGFβ1 stimulation. pERK1/2 and pAKT remained unchanged in response to the different treatments. Again, overall pERK1/2 was higher in CPB and OE33 cells compared to FLO-1, similar to our observations in the INHBA overexpression model ( Figure 2C ). The epithelial marker E-cadherin was expressed in OE33 and increased expression was detected upon inhibition of Activin A with Follistatin or TGFβ1 inhibition by A83-01. CPB and FLO-1 expressed the standard form of CD44, while OE33 expressed the variant form, which is commonly associated with a more epithelial phenotype (arrowhead, Figure 4D ). MT1-MMP has the highest expression in FLO-1 cells. While CPB cells also expressed MT1-MMP, OE33 only showed a signal after TGFβ1 stimulation. Both CPB and FLO-1 had expression of the mesenchymal marker vimentin, which was absent in OE33 cells. Interestingly, Activin A increased vimentin expression in FLO-1 cells, which was reduced after the addition of Follistatin, demonstrating specificity of the Activin A-mediated effect ( Figure 4D ). Analysis of the receptor expression confirmed the low levels of TGFBR2 in FLO-1 cells (Supplemental Figure S4A) . Overall, TGFBR2 expression levels were unaffected by stimulation with Activin A or by the use of antagonists and inhibitors, but upon TGFβ1 stimulation TGFBR2 expression was downregulated in CPB cells, possibly due to degradation upon signaling induction. The unchanged expression levels for the signaling receptors are not unexpected as the regulation of receptor function depends mostly on phosphorylation events, localization within the cells, and endocytosis upon ligand binding to ensure recycling of the receptors. Yet deletion, mutation, and epigenetic silencing can lead to the loss of expression and, therefore, evasion of a cytostatic response has been reported in the literature [24] .
Activin A stimulation increased cell invasion in OE33 cells
As the stroma can be a major source of chemokines and cytokines regulating tumor growth and invasion, we measured the effects of recombinant Activin A treatment on cell viability (Supplemental Figure S4B-S4D) , colony formation, cell migration (scratch assay), and chemotaxisdependent cell migration and invasion (Boyden chamber). When we examined cell growth after treatment with recombinant Activin A, Follistatin, an Activin A neutralizing antibody, and combinations of Activin A with the respective antagonists, we observed largely unchanged cell growth with the different conditions ( Figure S4B-S4D) . CPB cells showed an increase after treatment with Follistatin, but not neutralizing antibody ( Figure S4B ). OE33 cells exhibited a decrease in growth in the presence of Activin A together with Follistatin. FLO-1 cells, while unresponsive to Activin A stimulation, showed increased cell growth in the presence of Activin A and its antagonists ( Figure S4D ). These results are in contrast to the overall induction of proliferation in all cell lines after INHBA overexpression ( Figure 2B ).
Similar to the data observed with INHBA overexpression, colony formation was reduced in CPB cells in the presence of recombinant Activin A ( Figure 5A ). Activin A, however, had no effect on the EAC lines OE33 and FLO-1 ( Figure 5A ), indicating that Activin A exerts colony reduction in dysplastic but not tumor cells.
When we studied the response to Activin A in scratch assays, we found that while OE33 had the highest migratory potential in the scratch assays, Activin A stimulation had no effect compared to untreated controls ( Figure 5B ). No significant differences were observed between untreated and Activin A treated cells in chemotaxis migration ( Figure 5C ), however, cell invasion assays using Activin A as a chemoattractant increased OE33 cell invasion ( Figure 5D ). When Follistatin in combination with Activin A was used, FLO-1 cells demonstrated a diminished potential for invasion, Concentrations were normalized to cell number at time of collection. C. Antibody against phospho-Smads (pSmad2; pSmad1,5,8) and total Smad2, as well as pERK1/2 and pAkt compared to total ERK1/2 and Akt were used for Western Blot analysis. pSmad2 is induced in response to Activin A and TGFβ1 in CPB and FLO-1, but only with TGFβ1 in OE33. D. Antibodies against markers of epithelial-mesenchymal transition showed increased expression of the variant form of CD44 (arrowhead) in epithelial OE33 cells following stimulation with Follistatin (Folli) and Activin A, as well as TGFβ1. MT1-MMP was increased mainly with recombinant TGFβ1 in OE33. FLO-1 cells, which exhibit a mesenchymal phenotype, had a further increase in vimentin expression with Activin A, but also with addition of A83-01 and TGFβ1. Statistical analysis was performed using ANOVA, *p < 0.05. www.impactjournals.com/oncotarget indicating a dependence on signaling targeted by Follistatin inhibition, such as Activin A, and potentially other pathways, such as BMP. Other treatments including neutralizing antibody surprisingly had no effect on cell invasion (Supplemental Figure S5) , possibly hinting at the necessity for additional growth factors to contribute to this phenotype. Fetal bovine serum as a positive control elicited considerable invasion in all three cell lines.
In all, Activin A concentrations in the ELISA assay ( Figure 4A ) identified that FLO-1 cells had the lowest measurable Activin A concentration 48 hours after treatment and therefore the lack of response in the functional assays could be dependent on Activin A availability. Interestingly, Activin A media concentrations were lower for OE33 cells than CPB after Activin A stimulation, yet cell invasion could be induced in OE33 cells.
Overall, comparison of the results for Activin A stimulation and the retroviral overexpression of INHBA suggest that the Barrett's cell line CPB is responsive to Activin A as a modulator of cell survival, which ultimately results in reduced colony formation. However, only overexpression of INHBA enhances cell invasion in CPB and FLO-1 cells, while stimulation with recombinant Activin A does so for OE33 cells. A limitation of the approach comparing overexpression as a model for autocrine and stimulation for paracrine signaling is not only the variability in ligand availability and dosage, as can be seen by the differences in concentration by ELISA, but also the long-term vs. acute exposure to the ligand. It appears however, that while Activin A stimulation (acute response) can elicit functional changes, only overexpression can result in intrinsic cellular changes, which ultimately becomes the driver for events such as cell invasion after long-term exposure (Figure 3 ). lines, OE33 and FLO-1. B. Scratch assays showed high migratory capabilities for OE33 cells. C. Migration measured in transwell chamber assays towards a full medium gradient showed no effect from Activin A stimulation. D. Using Activin A as a chemoattractant increased the invasive capability of OE33 cells when measured in Boyden chamber invasion assays (SFM: serum-free medium; Act A: serum-free medium with Act A). t-test is used to calculate significance, P value < 0.05. www.impactjournals.com/oncotarget While the stroma as a source of Activin A seems to effect migration and invasion less than autocrine functions of tumor-secreted Activin A, the elicited functional responses are potentially influenced by acute vs. chronic exposure and crosstalk with other pathways. This hypothesis is supported by the variable regulation of Activin A-dependent functions in the presence of Follistatin or Activin A neutralizing antibody, but will require additional experimentation.
Columnar keratins are differentially expressed in organotypic reconstruct cultures
The previous assays allow the analysis of epithelial cells in vitro, but these methods do not take into account for epithelial cell crosstalk with matrix components and mesenchymal cell types. For that reason, we grew CPB, OE33, and FLO-1 cells in the presence and absence of Activin A in organotypic cultures on a collagen/ Matrigel matrix with embedded fibroblasts to mimic a physiological stromal context. CPB and FLO-1 cells, which have a mesenchymal phenotype, were unable to form a multilayered epithelium due to the lack of cell-cell adhesion. However, stimulation of the culture with Activin A, as well as inhibition of TGFβ with A83-01, induced overall epithelium formation in CPB and FLO-1 cells. Both cell types were negative for Alcian Blue staining, which was used to detect mucin-secreting cells, and the columnar marker cytokeratin 19 (CK19) ( Figure 6A ). The epithelial adenocarcinoma cell line OE33 exhibited Alcian Blue-positive cells, indicating the presence of mucin secreting goblet cells (arrows, Figure 6A ), and positive staining for CK19 ( Figure 6A ) in Activin A-treated and control organotypic cultures.
When stained for E-cadherin and for the columnar keratin, cytokeratin 8 (CK8), CPB cells showed no signal for E-cadherin, validating the Western Blot data ( Figure 4E ). CK8, however, could be detected and increased following treatment with Activin A and A83-01 ( Figure 6B ). OE33 cells were positive for both E-cadherin and CK8, independent of the treatment conditions. No E-cadherin staining could be detected in FLO-1 cells, and only a few cells of the epithelium were positive for CK8 ( Figure 6B ). Cytokeratin 14, a squamous marker, was not detected by immunofluorescence (data not shown).
Columnar cytokeratins CK8 and CK19 are expressed in glandular, non-squamous epithelium, including Barrett's Esophagus [25] , and therefore demonstrate the shift towards a columnar phenotype compared to normal squamous esophageal tissue.
Activin A regulates SOX9 nuclear localization
We further aimed to determine the expression of SOX9 in response to Activin A signaling. SOX9 is known to drive columnar differentiation of the esophageal squamous epithelium [26] and has been described to attribute stem cell-like properties to esophageal cancer cells [27] . We hypothesized that because mesenchymal cells have more stem cell-like features, SOX9 should be detected with higher frequency in the nuclei of CPB and FLO-1 cells. To address the expression and localization of SOX9 in response to Activin A and TGFβ signaling, we performed immunofluorescence staining with an anti-SOX9 antibody on the organotypic cultures. In untreated cultures, CPB cells were positive for nuclear SOX9, while few OE33 and FLO-1 cells were positive (white arrowheads, Figure 7A ). Upon stimulation with Activin A, SOX9 expression was unaffected in CPB cells, though the number of SOX9-positive nuclei in the fibroblasts increased. Organotypic cultures of OE33 cells showed increased positive SOX9 signal in the fibroblasts, but not in the OE33 cells themselves. Increased nuclear staining was observed in FLO-1 cells and the surrounding fibroblasts after Activin A stimulation (white arrowheads, Figure 7A ). TGFβ inhibition by A83-01 decreased nuclear SOX9 in the CPB cultures, but did not inhibit SOX9 nuclear localization in the FLO-1 cells ( Figure 7C ). Interestingly, when INHBA-overexpressing cells were grown on plastic, nuclear SOX9 was also high in CPB and low in OE33 cells, but SOX9-positive nuclei were less frequent in CPB INHBA cells than in the Activin A-stimulated cells grown in organotypic cultures ( Figure 7B ). In FLO-1 cells, which showed an increased number of SOX9-positive nuclei upon Activin A and A83-01 treatments, we still detected an increase in SOX9-postitive nuclei in INHBA-overexpressing cells ( Figure 7B ), but not to the same extent as in cultures treated with recombinant Activin A ( Figure 7C ). These observations show that expression and nuclear SOX9 localization in CPB cells are TGFβ signaling-dependent, demonstrated by suppression of TGFβ signaling by A83-01 in organotypic culture. Conversely, the INHBAdependent increase of nuclear SOX9 in FLO-1 cells is not reversible through inhibition of TGFβ by A83-01. Differences in numbers between organotypic cultures and plastic indicate a role of the stroma in the regulation of the signaling pathways resulting in SOX9 activation. Using the same dataset as in Figure 1 , we showed an increase in SOX9 expression during the progression from Barrett's esophagus to esophageal adenocarcinoma ( Figure 7D ). Together, we believe that these data indicate the importance of the microenvironment for signal transduction and SOX9 protein expression.
DISCUSSION
Esophageal adenocarcinoma (EAC) has a poor patient outcome, with a 5-year survival of only 14% [28] . A recognized risk factor for EAC is Barrett's esophagus, which has been shown to progress from a pre-malignant lesion to EAC in 5-10% of cases [29] . EACs can arise rapidly in patients diagnosed with Barrett's esophagus, even under careful surveillance. It is thought that the transformation of non-dysplastic to dysplastic Barrett's esophagus, and ultimately esophageal adenocarcinoma, is driven by a stepwise accumulation of mutations or specific oncogenic events that underlie progression. Yet, most of the commonly mutated genes in EAC-except TP53 and SMAD4-have also been found in non-dysplastic Barrett's esophagus that did not progress towards cancer [30] . These findings and the fact that targeted therapies brought little improvement due to reactivation of the targeted pathway, hyperactivation of alternative pathways, and cross-talk with the microenvironment [31] highlight that aside from genomic catastrophes, such as gene inactivation through chromosomal rearrangements and telomere integrity [32, 33] , other important mechanisms are at play in EAC progression.
We have focused here on the activation of canonical and non-canonical signaling by Activin A to identify the contributions of this TGFβ family member to the pathology of EAC.
Signaling
Activins and BMPs are classified as members of the TGFβ superfamily, and bind to related transmembrane receptors, resulting in overlap in their intracellular signaling cascades [34] and downstream function [35] [36] [37] [38] . This has been shown by deletions of TGFβ2, TGFβ3 and Inhibin β A , which all result in cleft palate defects in the respective mouse model. Similar to a 10-bp polyadenine tract within the TGFβ receptor type II gene (TGFBR2) that is prone to frameshift mutations in gastrointestinal cancers, mutations in ACVR2 have been identified in colorectal and pancreatic cancers [39] . Additionally, ACVR1B is commonly mutated in pancreatic cancer [40] , and in a majority of sporadic colorectal cancers BMPR2 expression is impaired [41] . Conversely, BMP and Activin Membrane-bound Inhibitor, BAMBI, is upregulated in colorectal cancer and is under direct regulation of the Wnt pathway, [42] a component of a gene expression profile that predicts metastasis [43] . Exome and wholegenome sequencing of EAC has identified recurrent driver events with high frequency, such as mutations in TP53 and CDKN2A, but also PTEN and SMAD4 [44, 45] . Interestingly, Activin A, which canonically signals through the Smad cascade, but utilizes a different set of receptors (ACVR2A or ACVR2B), was able to activate Smad2 in CPB and FLO-1 cells, but failed to do so in OE33 cells. OE33 cells, on the other hand, showed overall non-canonical activity of the MAPK/ERK pathway, as well as activation of BMP signaling as measured by pSmad1,5,8, the latter being increased upon INHBA overexpression. This could indicate that these signaling pathways are somewhat promiscuous and that ligands can utilize undesignated receptors [46, 47] . Furthermore, stimulation with TGFβ1 upon overexpression of INHBA resulted in activation of the canonical and non-canonical pathways (for OE33 and FLO-1 cancer cells). TGFβ1 has been shown to induce phosphorylation of Smad1,5,8 in endothelial cells mediated by TGFBR1 and ACVL1 [47] . Interestingly, although functional consequences, such as a decrease in clonogenicity, were observed in both acute and long-term exposure settings for Barrett's esophagus cells, we could not measure meaningful canonical and noncanonical signaling activation in INHBA overexpressing cells. This could be potentially due to an acquired insensitivity after prolonged exposure, yet we observed increased cell invasion, possibly due to intrinsic cell changes.
Tumorigenicity and invasion
In esophageal squamous cell carcinoma, Activin A has been associated with tumor aggressiveness and increased MMP-7 expression. This increase in aggressiveness is accompanied by increased (arrowheads) with and without Activin A (Act A) stimulation; the signal was reduced with A83-01. OE33 cells show no nuclear SOX9 in any of the conditions. The intensity for SOX9 staining was low in FLO-1 control cells with no nuclear localization, but increased with Activin A (Act A) and A83-01, as shown by the white arrowheads. B. In monolayer, CPB control and INHBA overexpressing cells had a nuclear SOX9 signal. OE33 cells showed no nuclear SOX9 in any of the conditions. The intensity for SOX9 staining was low in control cells with no nuclear localization in FLO-1 cells, but increased in FLO-1 INHBA. C. SOX9-positive nuclei were counted and calculated as percentage per total nuclei per field. Four fields per replicate image were counted. D. The publicly available GEO dataset (accession number GDS1321) was used for analysis of SOX9 expression and showed overall increased SOX9 expression in the progression from Barrett's esophagus to esophageal adenocarcinoma. www.impactjournals.com/oncotarget proliferation [48] and MMP-7 activity [49] . However, when the microenvironment is taken into account, the regulation of Activin A through its inhibitor Follistatin or TGFβ receptor inhibitor has differential effects when keratinocytes and fibroblasts were grown in organotypic cultures [18] . Our previous study showed that while cell invasion was increased upon Activin A stimulation in a premalignant cell model, inhibition of Activin A and TGFβ1 further enhanced cell invasion. Based on the importance of the balance between Activin A/TGFβ and BMP signaling, squamous epithelial homeostasis appears to be regulated by fine-tuning the concentrations and activity of the different growth factors and their functions [18] . Here we show that activation of Activin A signaling results in decreased cell migration of OE33 cells in the context of autocrine signaling (Boyden chamber), yet increased OE33 cell invasion upon stimulation with Activin A, suggesting a stromal contribution. Invasion of CPB and FLO-1 cells was increased upon INHBA overexpression, but was not affected by stimulation. Given the variability in Activin A concentration between overexpression and recombinant stimulations in the FLO-1 cells, the results could be dependent on a lower concentration of Activin A. Overall, we speculate that the source of Activin A elicits different cellular responses in a context-dependent manner. Aside from the source, an important consideration is the amount of Activin A available, as sudden influx and receptor occupancy in an acute setting will activate signaling; yet during long-term exposure, low-affinity ligand receptor interactions could lead to more promiscuity.
The microenvironment has been recognized as playing an increasingly important role in carcinogenesis. Gene ontology analysis has identified a strong inflammatory component in Barrett's tumorigenesis, and key pathways included are cytokine-receptor interactions and TGFβ [50, 51] . We extrapolate from our data that the endogenous production of Activin A may result in different phenotypic and functional outcomes than the mimicked paracrine stimulation of the cells. At the same time, similar to the differential effects on multiple cell lines as described above, we found profound variation when analyzing models of EAC progression between dysplastic cells (CPB) and esophageal adenocarcinoma cell lines with an epithelial (OE33) or mesenchymal phenotype (FLO-1) and their responses to Activin A.
Wang et al. have shown that squamous-to-columnar metaplasia can occur when bile-induced injury reactivates latent developmental pathways [52] . Hedgehog signaling in squamous epithelial cells upon bile-induced injury stimulated stromal expression of BMP4 by esophageal fibroblasts, resulting in epithelial SOX9 expression [52] . Given the activation of pSmad1,5,8, the fine balance between Activin A and BMP signaling might be regulating the context-dependent functional outcomes.
Stemness and resistance
Activin A has been identified as necessary for the maintenance of self-renewal in human embryonic stem cells through the induction of Oct4, Nanog, Nodal, Wnt3, but more importantly the induction of basic FGF and the suppression of BMP [53] . These data indicate the role of Activin A as a mediator of stemness and potentially as a cancer stem cell marker. Suppression of the downstream target Id2 by Activin A and TGFβ is central in the induction of EMT [54] , which is antagonized by BMP. Supporting the important role in regulating self-renewal of stem cells and cell-fate determination in the initiation and progression of Barrett's esophagus to EAC, it has been shown that in the normal esophagus, small clusters of Oct3/4-positive cells are nested in the basal cell layer, representing a pool of progenitor cells. Concomitant with the activation of Notch and TGFβ signaling in esophageal adenocarcinoma, an expansion of the Oct3/4 positive cell clusters can be observed [2] . SOX proteins, documented as stem cell markers, also exhibited increased expression in esophageal adenocarcinoma cells [2] .
SOX9 has been implicated in the induction of a cancer stem cell phenotype in esophageal cancer [2, 26] . Expression of SOX9 in squamous epithelial cells has been shown to induce the formation of a columnar-like epithelium with the expression of columnar differentiation markers such as cytokeratin 8, demonstrating that columnar dedifferentiation and expression of intestinal markers reminiscent of Barrett's esophagus can be driven by SOX9 [26] . The involvement of bile reflux injury in the context of Barrett's tumorigenesis has been shown in acid treatment experiments using normal esophageal squamous, OE33 cells, and a mouse model of bile reflux. Acid or bile exposure led to an induction of stromal BMP4 and epithelial SOX9 resulting in conversion from squamous to columnar epithelium along with the expression of columnar cytokeratins [55] . Nuclear SOX9 is also detected in a surgical model of reflux by esophagojejunostomy [56] . Additional support that SOX9 may be an important early event in the development of Barrett's tumorigenesis is seen in the activation of SOX9 following loss of β2-spectrin, which induces a TGFβ signaling switch from tumor suppressor in normal cells to tumor promoter in fibroblasts and EACs [27] . Upstream of SOX9, YAP1 has been shown to be a major determinant of cancer stem cell properties in non-transformed and esophageal cancer cells. YAP-induced upregulation of SOX9 was concomitant with the acquisition of stem cell properties [57] .
Our data show that induction of nuclear SOX9 is potentially associated with a mesenchymal phenotype, as epithelial OE33 cells are negative for SOX9. Activin A stimulation, as well as its overexpression, resulted in increased nuclear SOX9 localization and may be associated with stem cell-like features, such as the expression of EMT markers. Stem cell-like properties have been attributed to the mediation of therapy resistance [58] . Kim Ah et al. [59] reported that, in response to ionizing radiation, TGFβ downregulates c-Myc mRNA expression and inhibits the growth of OE33 EAC cells in vitro. While TGFβ enhanced radioresistance of OE33 cells, it did not affect the radiosensitivity of squamous carcinomas KYSE and OE21. The TGFβ-enhanced radioresistant phenotype was associated with induced G0/G1 cell cycle arrest and upregulation of the G1 cyclin-dependent kinase inhibitor p27kip1, as well as downregulation of c-Myc protein expression. Interestingly, conditioned medium obtained from unirradiated OE33 cells enhanced radioresistance compared with fresh medium. This enhancement was abrogated by pre-incubation of conditioned medium with a neutralizing anti-TGFβ antibody, suggesting endogenous TGFβ production by OE33 cells. Given the reports of submucosal metaplasia after Barrett's esophagus radioablation, it remains to be seen if SOX9 expression coupled with high Activin A serum levels would be useful as an early detection marker.
Taken together, we aimed to determine the role of tumor-derived and stromal Activin A during sequential events of esophageal transdifferentiation promoting Barrett's tumorigenesis. We demonstrated that aside from known mutational or epigenetic alterations, activation of signaling is pleiotropic and context-dependent, thereby highlighting the complex crosstalk with the microenvironment.
MATERIALS AND METHODS
Cell culture
The Barrett's esophagus cell line CPB (CRL-4028) was purchased from American Type Culture Collection (ATCC) and cultured with epithelial cell medium 2 (ScienCell, Carlsbad, CA) supplemented with 5% fetal bovine serum (FBS, Hyclone, GE Healthcare, Pittsburgh, PA) and antibiotics, 100 units/mL penicillin and 100 μg/mL streptomycin (Gibco, Carlsbad, CA). The esophageal adenocarcinoma cell lines, OE33 and FLO-1, were derived by Dr. David Beer [60] and grown in RPMI and DMEM (Invitrogen, Carlsbad, CA), respectively, with 10% FBS at 37°C in 5% CO 2 . Fibroblasts were grown in DMEM with 5% FBS (Hyclone), 100 units/mL penicillin, and 100 μg/mL streptomycin (Gibco). For treatment with growth factors 5 ng/ml recombinant human TGFβ1, 10 ng/ml Activin A, 100 ng/ml Follistatin-288, 100 ng/ml Nodal (all R&D Systems, Minneapolis, MN Systems) or 1 μM A83-01 (Tocris, Bristol, UK) were used. 
Organotypic culture
Organotypic reconstructs were grown as previously described [18, 20] with the exception that each culture was rinsed in 1XPBS and incubated with Epidermalization 3 medium lacking serum for two additional days prior to harvesting. The following treatments were added to the organotypic cultures at the time of epithelial seeding and renewed with every media change: 5 ng/ml recombinant human TGFβ1, 10 ng/ml Activin A, 100 ng/ml Follistatin-288 (all from R&D Systems) or 1 μM A83-01 (Tocris).
Scratch assays
Cells were grown to 100% confluence then a scratch was introduced using a 200 μl pipette tip. Measurement areas were marked at six different locations along the scratch. Cells were imaged at 0, 6, and 24 hours postscratch and distance of cells traveled was measured using the Axiovision software (Carl Zeiss Microscopy, Thornwood, NY).
Colony formation
Colony formation assays were performed by plating 500 cells in six-well plates and maintaining them in complete media for 7-8 days [61] . Cells were then fixed with 100% methanol for 10 minutes at −20°C and stained overnight in 0.1% crystal violet at room temperature. Colony counts were assessed using the GelCount™ system and software (Oxford Optronix, Abingdon, UK), courtesy of the Vanderbilt Digital Histology Shared Resource.
Cell migration and invasion assays
Migration and Matrigel invasion chamber assays were purchased from BD Biosciences (Franklin Lakes, NJ) and performed according to manufacturer's direction. After removal of cells from the top of the membrane, cells were fixed in 100% methanol at -20°C for 10 minutes, then rinsed once in 1XPBS,. For quantification, cells were stained with 0.3% Janus green (Sigma, St. Louis, MO, cat. no. 201677) for 5 minutes at room temperature. Upon washing, cells were destained with 0.5 M HCl for 10 minutes at room temperature. The HCl solution was collected and transferred to a 96-well plate and absorbance read at 595 nm on a BioTek Synergy 4 microplate reader (BioTek Instruments, Inc., Winooski, VT). Subsequently, cells were stained in 0.1% crystal violet overnight, mounted, and imaged as previously described [18] .
Proliferation assays
Cells were plated at 1000 cells per well in a 96-well plate for proliferation assays. WST-1 reagent (Roche, Nutley, NJ) was added to each well at the time points indicated and incubated at 37°C for 1 hour. Absorbance measurements at 450 nm were taken using a BioTek Synergy 4 plate reader (BioTek Instruments, Inc.). Measurements were taken in 24-hour increments.
ELISA
Cells were seeded at 166,000 cells per 6-well insert with full medium. The next day, cells either underwent treatment or culture media were changed to serum-free media before conditioned media was harvested 48 hours thereafter. Cell number was determined and concentration per 1 ml media was calculated and normalized per 100,000 cells. Capture ELISAs for Activin A, TGFβ1 and panFollistatin (FS288, FS300, FS315) were purchased from and performed following manufacturer's instructions (R&D Systems). INHA was measured using an ELISA kit purchased from Cloud Clone Corp (Houston, TX).
Western blot
Western blots were performed as previously described [18] . Cells undergoing treatment with Activin A, Follistatin-288, A83-01, or TGFβ1 had the individual growth factors added to serum-free cell culture media for 30 minutes or 48 hours, followed by protein lysis. The results are representative of at least three independent experiments.
Immunofluorescence
Organotypic culture tissue, previously fixed in 10% neutral buffered formalin for 24 hours and embedded in paraffin, was sectioned at 5 μm, deparaffinized, and heated in 1X TE buffer in a pressure cooker for 12 min for antigen retrieval. Samples were blocked in 1XPBS with 5% Bovine Serum Albumin (Sigma), 1XPBS-BSA, for 1 hour prior to incubation with primary antibodies in 1XPBS-BSA overnight at 4°C. Tissues were then rinsed three times in 1XPBS and incubated with secondary antibodies in 1XPBS-BSA for 1 hour at room temperature. After additional rinses with 1XPBS, the sections were mounted with Vectashield mounting medium containing DAPI (Vector Laboratories, Burlingame, CA). Images were taken on a Zeiss microscope, using Axiocam and Axiovision software (Carl Zeiss Microscopy).
Alcian Blue Staining was performed by the Translational Pathology Shared Resource at Vanderbilt University Medical Center.
Antibodies and other reagents
SOX2, total Smad 2, phospho-Smad2, total ERK1/2 and phospho-ERK1/2 were purchased from Cell Signaling Technologies (Danvers, MA), and α-tubulin from Abcam (Cambridge, MA). Anti-TGFBR2 (clone L21) was purchased from Santa Cruz Biotechnologies (Santa Cruz, CA), E-cadherin and Keratin 8 from BD Bioscience, and vimentin from Sigma. Other antibodies used: MT1-MMP (Epitomics, Cambridge, MA) and anti-CD44 clone 2C5 (R&D Systems); SOX9 (EMD Millipore, Rockland, MA); Keratin K13 (Novus Biologicals, Littleton, CO).
Dataset analysis
Dataset GDS1321 used to query clinical correlations with Activin A, publicly available from GEO Datasets (http:// www.ncbi.nlm.nih.gov/gds/). The collected information from each dataset was analyzed and visualized in Prism version 6.00 for Mac (GraphPad software, La Jolla, California).
Biostatical analysis
Biostatistical analysis was performed using Prism version 6.00 for Mac (GraphPad). In vitro and in vivo experiments were analyzed using Student's t-tests, one-or two-way ANOVAs. Statistical significance was set at p < 0.05. Pearson's correlation coefficients were calculated. All experiments were done in triplicates with at least three biological replicates.
Abbreviations
TGFβ, transforming growth factor β; BMP, bone morphogenetic protein; EAC, esophageal adenocarcinoma; SOX, sex determining region Y box; EMT, epithelialmesenchymal transition; INHBA, inhibin beta A subunit or Activin A; ERK, extracellular signal-regulated kinase; MAPK, mitogen activated protein kinase. 
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